The vast majority of structurally diverse metabolites play essential roles in mediating the interactions between plant and environment, and constitute a valuable resource for industrial applications. Recent breakthroughs in sequencing technology have greatly accelerated metabolic studies of natural plant products, providing opportunities to investigate the molecular basis underlying the diversity of specialized plant metabolites through large-scale analysis. Here, we focus on the biosynthesis of plant triterpenoids, especially the three diversifying reactions (cyclization, oxidation and glycosylation) that largely contribute to the structural diversity of triterpenoids. Gene mining through large-scale omics data and functional characterization of metabolic genes including enzymes, transcription factors and transporters could provide important insights into the evolution of specialized plant metabolism and pave the way for the production of highvalue metabolites or derivatives using synthetic biology approaches.
The vast majority of structurally diverse metabolites are produced by plants as adaptations to complex environmental effects and developmental processes. These metabolites play essential roles in plants, acting as defensive compounds against microbes, herbivores, disease and UV radiation or as attractants for pollinators (Osbourn, 1996; Kuzina et al., 2009; Szakiel et al., 2011) . Humans benefit from the immense diversity of natural plant products, which constitute a huge resource for commercial applications in pharmaceuticals, dyes, pigments, flavorings, cosmetics and agrochemicals (Vincken et al., 2007; Augustin et al., 2011; Osbourn et al., 2011; Sawai and Saito, 2011; Moses et al., 2013; Thimmappa et al., 2014) . A well-known example is the anti-malarial drug artemisinin, isolated from Artemisia annua, which saves millions of life every year (White, 1997; Ro et al., 2006; Paddon et al., 2013) . Unfortunately, successful industrial applications of natural plant products are still very limited compared with the huge number of plant metabolites that have been identified. Full elucidation of complex metabolic pathways and the discovery of new pathways represent major hurdles that need to be overcome. Recent breakthroughs in leading-edge sequencing technologies as well as the reduced cost of genome sequencing have revolutionized the methods in the identification of plant metabolic pathways (Owen et al., 2017) , providing opportunities to inspect the evolutionary routes of biosynthetic enzymes and the potent mechanisms that underpin the chemical diversity of specialized plant metabolites.
metabolites. The discovery in Arabidopsis thaliana of an operon-like gene cluster for a biosynthetic pathway (the thalianol pathway) was the first successful example of the use of whole-genome mining to predict clustered metabolic pathways (Field and Osbourn, 2008) . Since then about 30 gene clusters involved in the biosynthesis of polyketides, alkaloids, glycosides and terpenes have been identified in a wide range of plant species, including both eudicots and monocots (N€ utzmann et al., 2016) . This feature of plant genomes as well as the chromatin signatures associated with the biosynthetic gene clusters in A. thaliana, diploid oat (Avena strigosa), and rice (Oryza sativa) can be further exploited to accelerate the discovery of unknown pathways encoded by gene clusters (Yu et al., 2016) . To date, genome sequence data are available for several hundred plant species. Specialized mining tools such as plantiSMASH and PhytoClust can be utilized to systematically interrogate the genomes to identify clustered genes (Kautsar et al., 2017; T€ opfer et al., 2017) . Compared with the genetics-based method used in the discovery of the first plant biosynthetic gene cluster in maize (Frey et al., 1997) , these newly developed tools present a much more efficient way to investigate unknown pathways in plants. The 10KP (10 000 Plants) Genome Sequencing Project, launched by an international multi-disciplinary consortium, plans to sequence genomes from more than 10 000 plants and protists (Cheng et al., 2018) ; it will provide an unprecedented opportunity to study plant evolution and metabolic diversity in a phylogenetic context and will also function as a data source for the identification of more plant gene clusters.
Specialized plant metabolites are usually biosynthesized in response to environmental stimuli or in a tissue-specific and development-specific manner (Yang et al., 2012) . For those plant species with large or polyploid genomes that are difficult to sequence and assemble, relatively easily generated transcriptomic data coupled with draft genome sequences could be used to identify the unknown pathway genes. Thus, the transcriptomic data provided by international consortia such as the 1000 Plants (1KP) Project can be used as a complementary database in the discovery of unknown pathways (Matasci et al., 2014) . Co-expression analysis using one or more functionally characterized pathway genes as bait to search for candidate genes in different tissues, developmental stages or even single cells, or after elicitor treatment, represents a powerful mining approach for identifying biosynthetic enzymes or transcription factors (TFs) that are not linked within the genome. For example, a number of TFs that regulate plant metabolism have been identified by RNA sequencing followed by gene co-expression analysis (Colinas and Goossens, 2018) . With advances in protein technology and reduced costs, even proteomic data can be integrated with transcriptomtic data in screening the co-expressed candidate genes, further improving the prediction accuracy of metabolic pathways. For instance, tomato transcriptomic and proteomic data were successfully employed to identify and elucidate the complete biosynthetic pathway of cholesterol (Sonawane et al., 2017) .
In addition to biosynthetic enzymes and TFs, potent transporters responsible for the translocation of compounds or intermediates within the plant are also essential for plant metabolism. More intriguingly, several transporters involved in the transport of plant metabolites have been found to be clustered with biosynthetic enzymes. For example, a transporter from the multidrug and toxic compound extrusion (MATE) family identified within the monoterpene indole alkaloid (MIA) gene cluster is involved in translocation of the intermediates of the MIA pathway (Kellner et al., 2015) . In sorghum, the vascular membrane protein SbMATE2 is co-located with the cluster genes and able to transport dhurrin (Darbani et al., 2016) . Based on the fact that plants are likely to need transporters to translocate specialized metabolites to the right locations, identification and characterization of the transporters involved in counteracting the toxicity or unpleasant flavors conferred by the defensive compounds could provide key knowledge for improving crop quality and also simplify the procedure of metabolic engineering of natural plant products by pumping target compounds out of plant cells or microbes (Xiao and Zhong, 2016) . Currently, only a limited number of carriers for metabolite transport have been identified, but the coming age of multi-omics data should no doubt accelerate studies in this underexplored area.
Understanding the molecular basis underlying the biosynthesis, regulation and transport processes of specialized plant metabolites is a prerequisite for commercial exploitation of these valuable resources using synthetic biology strategies. The metabolic research driven by big genomic data, including high-throughput nucleotide sequencing and pipeline optimization in gene screening, represents a highly efficient approach for investigating plant metabolic pathways and diversity (Figure 1 ).
METABOLIC DIVERSITY OF PLANT TRITERPENOIDS
Triterpenoids, including steroids, are compounds with a carbon skeleton based on six isoprene units. More than 20 000 triterpenoids with nearly 200 different skeletons have been identified in eukaryotic organisms, constituting one of the largest structurally diverse groups of plant metabolites (Xu et al., 2004) . Apart from steroids, most triterpenoids are considered as defensive chemicals against pathogens and herbivores (Vincken et al., 2007; Osbourn et al., 2011; Moses et al., 2013) . Certain types of these compounds show enormous benefits for humans, such as in pharmaceuticals (e.g. ginsenoside), cosmetics (e.g. ursolic acid) and food (e.g. oleanolic acid). Here, we focus on skeletal cyclization, oxygenation and glycosylation, the three most important catalytic steps in the biosynthesis of plant triterpenoids. We also discuss functional divergence of the enzymes involved in these reactions to provide insights into the evolution of plant metabolism.
Cyclization of 2,3-oxidosqualene, the first committed step in triterpenoid biosynthesis Cyclization of a linear substrate, 2,3-oxidosqualene, is the first committed step, and also the first diversifying step, in the biosynthesis of triterpenoids in plants (Phillips et al., 2006) . This cyclization reaction is catalyzed by an enzyme from the oxidosqualene cyclase (OSC) family and generates more than 100 distinct triterpene skeletons ranging from one to six carbocyclic rings after the reaction (Xu et al., 2004) . Cycloartenol and lanosterol, catalyzed by cycloartenol synthase (CAS) and lanosterol synthase (LAS), respectively, are the precursors for the biosynthesis of phytosterols, such as cholesterol and brassinosteroids, in plants (Corey et al., 1993; Kolesnikova et al., 2006; Suzuki et al., 2006; Ohyama et al., 2009) . Phytosterols play essential roles in plant development, acting as either structural components of membranes or in phytohormone signaling (Chappell, 2002) . Thus, CAS and LAS are believed to be housekeeping enzymes and the ancestral OSCs from which other OSCs are directly or indirectly derived (Xiong et al., 2005; Sawai et al., 2006) . Consistent with this hypothesis, lower plants such as the alga Chlamydomonas reinhardtii and the moss Physcomitrella patens harbor only one OSC for sterol biosynthesis (Merchant et al., 2007; Desmond and Gribaldo, 2009) , while expanded OSCs have been observed in higher plants. For instance, the rice and A. thaliana genomes contain 12 and 13 OSC members, respectively (Husselstein-Muller et al., 2001; Inagaki et al., 2011) .
Plant OSCs can be roughly divided into two categories according to the structure of the intermediate formed during substrate binding and folding (Phillips et al., 2006) : the P group adopts a protosteryl cation formed through a chair-boat-chair (CBC) configuration while the D group adopts the dammarenyl cation formed through a chairchair-chair (CCC) configuration (Figure 2 ). Oxidosqualene cyclases such as CAS, LAS, parkeol synthase (PS) and cucurbitadienol synthase (CPQ) (Shibuya et al., 2004) from the P group generate a product with a tetracyclic triterpene skeleton (6-6-6-5) including cycloartenol, lanosterol, parkeol and cucurbitadienol (Shibuya et al., 2004; Ito et al., 2011; Xue et al., 2012) . These OSCs share a relatively high amino acid similarity and are usually clustered into one group in the phylogenetic analysis. Additional mutational analysis found that mutation of only two amino acids could convert CAS1 from A. thaliana or the cucurbitadienol synthase (Bi) from cucumber into LAS (Lodeiro et al., 2005; Ma et al., 2016) , further confirming a close evolutionary relationship among these enzymes. In contrast, OSCs from the D group probably arose from the progenitors of the P group and mainly produce pentacyclic triterpene skeletons such as lupeol and b-amyrin through D-ring (6-6-6-6-5) and E-ring expansion (6-6-6-6-6), respectively (Xu et al., 2004) . Xue et al. (2012) carried out a comprehensive analysis of phylogeny using 96 OSCs from higher plants to clarify the origin and evolution of OSCs; they showed that OSCs from higher plants have evolved from ancient CAS and were not directly transferred from prokaryotes. Intriguingly, the OSCs from dicots are more functionally divergent than those from monocots, which are clustered with the enzymes from the P group. According to the phylogenetic tree, this expansion and functional diversification of OSCs was probably caused by multiple local tandem duplications followed by selection in response to environmental stimuli (Xue et al., 2012) .
Although numerous OSCs have been cloned from plants, little is known about the complex mechanism underlying the cyclization process, especially the substrate folding choice of a protosteryl or dammarenyl cation to initiate the cyclization reaction. Site-directed mutagenesis, homology modeling and forward genetic screening have been used to address this question. For example, a forward genetic screen found that mutation causing a single amino acid substitution could convert SAD1 and LUP1 from pentacyclic triterpene synthase to tetracyclic triterpene synthase (Salmon et al., 2016) . Four key amino acids that control the interconversion between orysatinol (pentacyclic) and parkeol (tetracyclic) synthase were identified by comparing the amino acids of 11 variants of OsOSC7 from two subspecies and wild species (Xue et al., 2018) . We also revealed a group of co-evolving residues that may collaboratively act in determining the substrate folding intermediate for Bi, the cucurbitadienol synthase from cucumber (Ma et al., 2016) . As revealed in these studies, aromatic amino acids within the active site of OSCs are extremely important for mediating the cation-p interactions in stabilizing the intermediates produced during the reaction, which in turn determine the final cyclization product (Thimmappa et al., 2014).
Triterpene scaffold oxygenation and glycosylation
Triterpene skeletons formed after the cyclization step are further elaborated by tailoring enzymes such as cytochrome P450 enzymes (P450s). This is the second diversifying step for triterpene biosynthesis and introduces various functional groups for further modifications such as glycosylation and acylation (Thimmappa et al., 2014) . The P450s are versatile catalysts employed by plants to catalyze the most complicated reactions in the biosynthesis of specialized plant metabolites, including regio-and stereoselective oxidations, deamination, decarboxylation, C-C cleavage, ring expansion and dehydration (Jung et al., 2011) . Thus, it is anticipated that animals should contain many fewer P450s than higher land plants. Approximately 1% of the coding genes in plant genomes are P450s, constituting a very large family with 59 subfamilies (Nelson and Werck-Reichhart, 2011) . Based on sequence similarities, P450 families from land plants are further grouped into 11 distinct phylogenetic clans (Nelson and WerckReichhart, 2011) .
Members from the subfamilies CYP51G, CYP85A, CYP90B-D, CYP710A, CYP724B and CYP734A that play essential roles in modification of the tetracyclic scaffolds to generate phytosterols or phytohormones are generally conserved in all plant species, while P450s from CYP51, CYP72 and CYP85 clans are recruited from the primary metabolic pathway and have evolved new functions for triterpene metabolism (Hamberger and Bak, 2013) . For instance, the CYP716 family from the CYP85 clan is conserved across land plants but has evolved specifically toward pentacyclic triterpene metabolism in eudicots (Miettinen et al., 2017) . CYP716As are conserved in higher plants and catalyze a consecutive three-step oxidation at C28 of a-amyrin, lupel and b-amyrin (Carelli et al., 2011; Fukushima et al., 2011; Misra et al., 2017; Tamura et al., 2017b) . Other CYP716 subfamily members CYP716C/-E/-S/-Y also participate in oxidation of the pentacyclic triterpene scaffolds (Ghosh, 2017) . Interestingly, although the CYP716 family is important for triterpene metabolism, this family is not found in monocots (Nelson and Werck-Reichhart, 2011) . Instead, the CYP51H family was recruited from CYP51G, the family involved in the primary metabolic pathway, to modify the pentacyclic triterpene scaffolds as a possible way to counteract loss of the CYP716s in monocots (Ghosh, 2017 Figure 2 . Plant oxidosqualene cyclases could be roughly grouped into two categories based on the intermediates produced during the cyclization reaction. Key: CBC, chair-boat-chair; CCC, chair-chair-chair; LAS, lanosterol synthase; CAS, cycloartenol synthase; CPQ, cucurbitadienol synthase; BAS, b-amyrin synthase; OEA, Olea europaea amyrin synthase; LUS, lupeol synthase. oxidase in oat, leading to the formation of 12,13b-epoxy16b-hydroxy-b-amyrin (Qi et al., 2006; Kunii et al., 2012; Geisler et al., 2013) .
Except for the CYP716s, the CYP88D and CYP87D subfamilies within the CYP85 clan are also pentacyclic terpene oxidases (Ghosh, 2017) . CYP88D6 catalyzes two consecutive oxidations of b-amyrin at C11 in Glycyrrhiza uralensis (Seki et al., 2008) , while CYP87D16 is a C16 hydrolase of b-amyrin in Msesa lanceolate (Moses et al., 2014b) . Interestingly, CYP716Y1 in Bupleurum falcatum has the same capability as CYP87D16, although their sequences are less similar to each other (Moses et al., 2014a) , indicating that independent evolution may occur in these species. Subfamilies CYP93E, CYP71A, CYP71D, CYP81Q and CYP705A within the CYP71 clan are also known for the biosynthesis of triterpenoids and have diverged remarkably during evolution (Ghosh, 2017) . For example, while widely distributed in angiosperm species, CYP72A subfamily members that participate in the pentacyclic triterpene modifications are not found in gymnosperms, mosses or ferns (Prall et al., 2016) and the C24 hydroxylases of bamyrin, CYP93Es, have only been identified in legumes (Moses et al., 2014c) .
For tetracyclic terpene biosynthesis, CYP81Q58, CYP87D20, CYP88L2, CYP81Q59 and CYP87D18 are able to decorate the cucurbitadienol scaffold in the production of cucurbitacins and morgrol (Shang et al., 2014; Itkin et al., 2016; Zhou et al., 2016b) . These enzymes, except for CYP81Q59 and CYP88L2, are conserved across the cucurbit plants. During evolution, recruitment of CYP81Q59 and loss of CYP88L2 in melon and watermelon are the two key steps in the biosynthesis of cucurbitacin B and E (Zhou et al., 2016b) . This is a good example for showing the connections between the evolution of P450s and the diversity of triterpenoids. Besides the evolution of individual genes, certain P450 subfamilies seem to co-evolve with OSCs in eudicots from the ancestral gene pairing via duplication and subsequent selection. For instance, CYP705 in the CYP71 clan and CYP716 in the CYP85 clan are found mainly coupled with OSCs in triterpene biosynthesis, and consist of a core component from which other gene clusters may be derived (Boutanaev et al., 2015) . To date, about 60 P450s involved in plant triterpenoid pathways have been identified and characterized, 55 of which participate in modifications of the pentacyclic terpene scaffold (Ghosh, 2017) . Compared with the large number of P450s found in plant genomes this number is very limited and is insufficient to unveil the complete evolutionary routes of P450s and the divergence of natural plant products (Table 1) . A phylogenetic tree can be used to illustrate the relationship of these characterized plant P450s (Figure 3) .
Glycosylation is another essential step in the decoration of triterpene scaffolds and is usually considered as the last catalytic step in the biosynthesis of glycosylated triterpenes (saponins) (Augustin et al., 2011) . This sugar conjugation step is crucial for the biological activities of saponins by increasing their stability, water solubility and cell compartmentalization (Vogt and Jones, 2000) . The glycosylation process is also involved in inactivation or detoxification of harmful metabolites and xenobiotics by signaling vascular or apoplast transport of the compound (Pedras et al., 2001) . For example, adding the sugar moieties to the C3 of oat saponins is a key step in improving their antifungal activity (Armah et al., 1999) . Glycosylation of cucurbitacin C at C3 decreases its cytotoxicity to cells (Zhong et al., 2017) . Glycosyltransferases (GTs) responsible for the transfer of nucleotide-diphosphate activation sugars, such UDPglucose, UDP-galactose and UDP-rhamnose, to triterpenoids are usually referred to as family 1 UDP Figure 3 . Phylogenetic tree analysis of the P450s involved in the modifications of triterpene scaffolds. The alignment of P450s was carried out by ClustalW and used to construct a phylogenetic tree using MEGA6 software. The evolutionary history was inferred by using the neighbor joining (NJ) method. The evolutionary distances were computed using the Poisson correction method. The NJ tree was subjected to a bootstrap test (1000 replicates; only values over 50 are shown). CYP104A1 (Agrobacterium tumefaciens) was included as the outgroup. glycosyltransferases (UGTs) (Gachon et al., 2005) . Similar to P450s, the multigene UGT families contain a large number of genes (e.g. 120 UGTs in A. thaliana; Xu et al., 2004) , which hinder the functional characterization of plant UGTs. Based on phylogenetic analysis, plant UGTs can be divided into subgroups denoted A to L (Bowles et al., 2005) . Phylogenetic group D is clustered with most of the identified UGTs that also belong to the UGT73 family. Unlike P450s, plant UGTs show a large degree of substrate promiscuity. Thus, it is inaccurate to predict the functions of plant UGTs just by phylogenic analysis or even in vitro biochemical studies (Augustin et al., 2011) . However, promiscuous UGTs are supposed to be favored in adaption to environmental change as they give plants greater flexibility during evolution (Vogt and Jones, 2000) . To date, over 20 UGTs have been identified from plants, most of which catalyze sugar transfer at position C3 and C28 of saponins. Itkin et al. (2016) carried out a very systematic study to identify the UGTs responsible for mogrol glycosylation, especially the first UGT involved in C24 glycation and the UGTs for the following second branch glycations that finally turn the bitter morgol into the sweeter mogroside. This is an elegant example showing the contribution of glycosylation to the diversity and biological activities of plant metabolites.
CONCLUSION
The enormous chemical diversity of natural plant products formed during evolution comprise a valuable resource for humans. The best way to unveil the evolutionary trajectories of plant metabolic pathways is to systematically study the evolution of pathway genes. Metabolic research driven by big data and conducted at many levels will accelerate the screening of currently unknown pathway genes and provide deep insights into the mechanisms underlying the formation of the structurally diverse natural plant products found in nature. With advances in synthetic biology, and inspired by natural processes, next-generation metabolic engineering of high-value plant-derived metabolites or derivatives could be implemented in an efficient, stable, environmentally friendly and low-cost manner to satisfy increasing human demands in the future.
